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NASA TT F-12,570
DEVELOPMENT OF EMITTERS AND COLLECTOR MULTI-LAYER SYSTEMS
H. Hubner, K. Janner and M. Peehs

ABSTRACT. The described work is a part of an In-Core-Thermi-
onic reactor development program. The system is proposed as
an energy source for space vehicles. The thermionic element
is built up of eight cells in a series. 002 pellets will be

used as fuel. The fissinn of gas of each emitter is vented
separately to avoid swelling Jtz to fission gas pressure at
the designed fuel burn up. Adcquate methods to prevent plug-
ging of the venting system were investigated. An instrumen-
tive capsule for in-pile-testing emitters at nominal and
higher heat rating was designed and is now under construction.
Tungsten layers were deposited from the W (C0)6. The inter-

facial diffusion of Mo-W was investigated. The joining tech-
nology for the designed development was developed. A method
to build concentric collector systems (Nb- Alz 3 -Nb/12r) was
proved with good success.

0. Introduction .

The works described in the present report are partial developments of an
in-core-thermionic reactor (ITR) as a power source for space vehicles. This
equipment consists chiefly of a suitable combination of thermionic convertor
cells for the direct conversion of thermal energy into electrical energy on
the one hand and of a nuclear reactor for releasing the necessary thermal
energy on the other. As a study has shown [1, 2], such equipments offer favor-
able developmental prospects in the range of several kW up to several 100
kw :

It has been shown especially at a concept of a partial thermionic reactor
[3] with Nb as a structural material as developed by us has a favorable power
to weight ratio even with small output. -The construction principle of a par-
tial thermionic reactor provides for an inmer zone consisting of thermionic
combustion elements where the number of elements can be considerably changed
according to the power requirements.- This still sub-critical arrangement is
amplified by thrust elements. in such a way that tle reactor possesses the
desired reactivity with the utilization of the reflector.

We began in our plant about two years ago with the development of a com-
bustion element to be used in the thermionic inner zone [4, 5]. Particular
value was placed on the fact that the same type of combustion element could
be used for all power ranges.

* Numbers in the margin indicate pagination of the foreign text.



Results which were achieved in the continuation of the work on the devel-
opment of thermionic combustion elements from 1 April 1966 to 31 March 1967
_are reported here.

1. Design and Method of Operation of the Combustion Element
1.1 The Emitter
1.1.1 Requirements for the Design for the Emitter

The design of the thermionic combustion elements and especially of the
emitters containing the fuel must also be considered with the partial thermio-
nic reactor in connection with the entire apparatus because the release of
power by the emitter on the one hand depends on the quantity of fuel, the dis-
tribution of fuel, a material and geometry of the emitter and on the other
hand the release of power is closely connected with the other parts of the
reactor through neutron flow, neutron spectrum and lowering of flow.

Optimation calculations with respect to a minimum power to weight ratio
with the given electrical power [6, 7] and neutron-physical considerations of
a basic type have led to the following principles for the thermal or epither-
mal reactors consider here:

1) The proportion of UO2 in the emitter should lie between 30 and 40%

by volume for the basic construction at hand. A smaller proportion of fuel
causes an increase of the entire mass and an increasc of waste heat in the
partial thermionic reactors; a larger proportion of fuel causes an increase
of the mass of the fissionable material.

2) The fuel should be arranged in a thin layer and as far as possiblé
far out in the emitter in order to keep the natural screening of the fuel and
the screening by the cathode working material as small as possible.

3) The emitter should consist of a material with little neutron absorp-
tion. Molybdenum is a possibility, while natural tungsten can only be used
in small amounts (layer thickness at the surface, e.g. about 0.2 mm) .

In order to achieve a favorable operating behavior and a satisfactory
longevity, the following requirements must also be fulfilled:

'4) The emission surface of the emitter should permit achieving a high
effective degree ii.. the transformation of energy at the planned operating
temperature of 2000°K. This can be attained in various ways, e.g. by high
work of emission of the emitter in the vacuum, by orientation of the crystals
and additives.

. §) Temperature differences at the cathode should be small.

6) With the given emitter material, the electrical losses and at the



same time the material cost should kept small. These mutually exclusive
requirements should be optimized taking neutron.absorption into consideration.

7) The emitter must remain stable in form during its lifetime of at
least one year and at an operating temperature of 2000°K because the minimum
permissible convertor aperature and the effective degree along with it will
be easily influenced. Expansion, evaporation and warping must also be kept
small.

8) The emitter must be stable in function. For this it is necessary
that the diffusion of uranium to the surface be held sufficiently small. In
_case W is used as an emission layer, the diffusion of molybdenum to the surface
must also be presented. )

The attempt has been made to observe this requirement in the designs.
described in the following.

1.1.2 Emitters with Separate Fiésion Gas Lines

Calculations have shown [5] that low-expansion emitters with a power
density of 50 Wth per square centimeter of cathode surface for a lifetime of

two years and at operating temperature of 2000°K without fission-gas exhaust
-line cannot be realized with the presently available fuels. For this reason,
only emitters with fission-gas exhaust lines were first investigated in detail.

Figure 1 shows the cross section of a thermionic combustion element in
which each emitter has its own fission-gas line. The emitter consists of a /12
‘molybdenum pipe in the thick walls of which axial borings have been made to
receive the fuel (proportion of fuel by volume about 30%). The fuel is then
housed in the form of cylindrical rods. Because of the relatively high UO2

vapor pressure at the operating temperature, the latter evaporates at the -sur-
face of the rod and precipitates on the colder wall of the metal when feed
play and fuel density are appropriately selected. In a case of the present
design it is expected that in the stationary condition probably the fuel dis-
tribution as drawn would obtain. The distribution is characterized by the
fact that the inner fuel surface is an isotherm. After a fairly long burn up
and noticeable formation of fission gas, the latter can be diffused through
short paths to the exhaust canals thus formed and from these flow outside
through the collecting chamber and the fission-gas line. The port of the
fission-gas pipe in the emitter is narrowed in order to avoid having an inad-
missible large amount of fuel escape through the fission-gas line and which
would then lead to a stoppage at the colder spots. A stoppage of this opening
is prevented in the following manner: a

a) A port of the fission-gas exhaust lines jut into the fission-gas
collecting chamber in the form of a tube. After the stationary fuel distri-
bution is adjusted, the tube is so .strongly evaporated with UO2 at the mantel

surface that the heat created in the coaching increases the temperature of



the port of the tube to the temperature of the inner fuel surface when fuel
is flowing through the tube. :

b) Also with this solution, the port of the fission-gas tube juts into
the interior of the fuel chamber. However, the port is additionally provided
with a proportion of fission material (heating ring in Figure 3) which does
not take part in the evaporation equilibrium. The amount of diffusionable
material is measured so that even here the additionally crz:ted heat energv
at least brings the port of the fissi-n-gas ventilation to the temperature of
the hot isotherm. The increased elim.nation of heat at the ends of the emit-
ters through the series-connected bridges would lead to a clogging of the
fission-gas exhaust canals and to great temperature differences at the cathode.
By widening the fuel canals at their ends, UO2 can additionally condense and

at least partially compensate for these-heat losses. The reduction of the
active emitter length.also serves the same purpose by means of beveling the
ends. ’

A tungsten cooling with the thickness of about 0.2 mm is provided for the
entire emitter. This is to serve as a diffusion barrier against uranium, to .
improve the emission characteristics (higher work of emission in the vacuum
than Mo) and to reduce the evaporation rate of the emitter. The relatively
rapid diffusion between Mo and W requires special measures to maintain this
layer, about which more will be reported in detail section 3 of this report.

The dimensions of the emitter were determined from optimation calcula-
tions which will be reported at another place [7]. Besides the neutron-
physical effective values, these comprise the internal convertor properties,
the design of the whole convertor and the properties of the entire equipment.

The testing of this emitter out-éf-pile and the testing of a slightly
transmuted form in-pile is planmned for the reporting year 1967-1968. Prepara-
tions for reactor experiments in this connection are described in chapter 2.3.

1.1.3 Emitters With Central Fissioanas Lines

The designs described in this section have been worked out for the pur-

poses of study. The goal of the considerations was to replace the complicated-

construction of an element made up of emitters with separate fission-gas line
by a rod with simple central ventilation, whereby even here value would be
placed on an extremely small inactive emitter length. One possibility with
central fission-gas lines is presented in Figure 1.l. The emitter is similar
to the one presented in Figure 1. Here, however, the fission gases from the
ring-shaped collecting chambers in the emitters are first only led to the very
next emitter in each case and are led to the outside by the emitters at the
ends of the elements. Because of the potential difference between the emitters
the metallic fission-gas line must be interrupted by insulating stretches.

One possibility for this configuration has been presented enlarged in the cross’

section. The various expansion between collector and emitter can be absorbed
by the bends in.the fission-gas lines and the loop at the ends of the elements

4
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without having large forces exerted on the bridges. The ends of the elements
are of symmetrical design in the light of a series connection of many elements
_because otherwise twe kinds of elements carrying fission gas and cesium would
have to be built at various ends as a consequence of the load-dependent direc-
tion of flow.

Another possibility with central fission-gas exhaust line is shown in
Figure 1.4. Here the fuel forms a pipe-shaped layer inside the emitter pipe
casing carrying the current. The centering of-the emitter in the collector
system takes place at one end again above the bridge and at the other end
above an insulating disk and a spring bellows through the bridge of the next
‘emitter or at the end through a special bridge. The fission-gas electing
chambers in the center of the emitters are connected with one another through
the boring in the insulating disk. They are led to the outside by a central
fission-gas line. Expansion differences between emitter and collector are
absorbed bty the low-power spring bellows. According to the dimension of the
fission-gas canals between the emitters, a shifting of fuel from one emitter
to another will either be permitted or completely prevented. A shifting of
fuel is possible in the case of the large borings shown. In this case, an
automatic reduction of the temperature difference at the emitter surface is
therefore achieved not only inside an emitter but also between all the emit-
ters of the element. In this way, depending upon the type of measures adopted
for smoothing the power output, a small change in the reactivity of the reac- /15
tors can occur. ’ :

The two designs carriczd out each leads to a Cs proof and gaseous metal-
ceramic connection at the emitter *temperature. An applicable solution of
this problem is not known to the author. However, it can be recognized here
that an improvement of existing technology would configure the entire con-
struction of the thermionic combustion element in a far less compllcated
manner and thereby also less susceptible to disturbance.

1.2 The Whole Element

In the present concept of a partial thermionic reactor, partially . ::er
requirements which result from the operating conditions of the converto :
reactor have to be weighed against one another in the conctruction of the
thermal combustion elements. For example, the neutron-physical layout requires
collectors having extremely thin walls, while in the electrical layout thick
collectors are advantageous. Frayed-off calculations [7] and general consider-
ations led to the following guidelines for the design 'of the collector system.

1.2.1 Requirements for the Design of Collector and Whole Combustion Element

1) The product of the specific electrical resistence and macroscopic
neutron-absorption cross section should be as small as possible at the anodes,
emitters and end pieces.

2) Voltage drop in collector and emitter must be coordinated with one
another so that the operating conditions within a cell do not change too much.

5 '
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3) The radial tempevature drop in the collector system should be smaller
than 100°C at full pover.

4) Axial cemperature differences in the active range should remain /16
smaller than 30°C (such differences could be created by the influx of heat
over the bridge).

5) The 2lectrical power losses over the insulation should be small.
That is the case vhen -
2

c(800°C) +d#5KQcm”,

where p is the specific electrical resistence and, d is the thickness of the
insulating layer; creep currents at the ends of the layer can be neglect:l.

" 6) Centering and form stability of electrodes shouid permit a dlstance
between electrodes as small as possible.

7) The inside of the collector system must be resistent to Cs vapor
and the outside parts must be res1stent to liquid metal and as far as possible
also to hydrogen.

v8) The following parameters should be optimum with respect to a minimum
specific weight of the entire requirement with the given power output: cell
length, bridge dimensions, interval of the active emitter ranges, collector
and emitter temperature, temperature constant of the emitter surface, Cesium
vapor pressure and load resistence. b

9) The end pieces with ducts for current, cesium and fission gas must
permit a sufficient uniformity of the power distribution and so should be’
built up symmetrically.

1.2.2 Description of Collector System and Whole Element

The design construction of the whole element in which the requirements
_given in section 1.2.1 are considered can be seen in Figures 1.1 and 1.2. In
turn the convertor aperture . (0.5 mm), collector system (Nb-Al OS-NbZrl),
coolant aperture,, outside jacket pipe (NbZrl) and a schematlc diagram of
the moderator (Yttrium or Zirkonium hydride) follow outside on the emitters
described in section 1.1.2. The method of manufacture of the collector sys-
tem is described under 5. It permits a very thin layer of insulation, which
stands in good heat contact with the adjacent metal jackets and for that rea- ‘
son leads one to expect gcod characteristics of heat conductance. The indi- :
vidual collectors of the system are centered by means of insulating rings
made of A1203 and connected so as to be gas tight. An overlapping projection /17

on the collector and the special position of the bridge prevent vapor deposits
on the insulation ring by the emitter and the hot part of the bridge.

10




Centering the emitter in the collector system takes place on the one
side directly through the series-connected bridge and on the other side
through the central insulation bodies by the bridge of the next emitter.
Insulating disks between the emitters should hinder the formation of a con-
ducting layer and a gas discharge between adjacent emitters.

The central insulation body serves simultaneously in connection with
sleeves to prevent a gas discharge between the fission-gas lines which are at
different electrical potential. The spiraling of the fission-gas lines per-
mits a deformation of the lines low in force. Forces in the fission-gas line’
will be caused by various thermal expansions of the structure materials.
SIstltaneously, the spiraling permits a reduction of the d1351pat10n of heat
to the ends of the elements. Each half of the fission-gas lines is insula-
ted in the collecting chamber at the end of the element. From there the
fissionable gas is led to the outside in a coaxial line through the cesium
vapor line. A central line connects the two fission-gas collecting chambers.
Tn order to make sure that the element can be installed in any situation for
the purpose of series comnection, the fission- gas and cesium line are led
through both. ends.

A thick and voltage-free connection of the element with the coolant line
system is possible-by means of a flange butt-welding joint at the ends of the
pipe jacket. This also permits a relatively simple solution of the connection
by grinding down the welding joint in the terrestrial prototype reactor.

The design presented was carried out in close coordination with the
development of connecting technology described in chapter 4.

1.3 Installation of the Combustion Element

All the structural materials are degassed before use. An experimental
program for determining the conditions for degassing has already been run in
our plant. The installation of the combustion element takes place in a glove
box under a protective gas.

1.3.1 |nstallation of the Emitter
1) Manufacture of the blanks
2) Tensionless annealing and degassing
3) Welding up the fission-gas tubes by means of e-rays
Leak Test of the Seam

4) Filling up with fuel
5) Shedding off the emitters

Leak Test of the Seams

6) W-layering
7) Polishing the emitter.surface

11
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8) Degassing the finished emitters
Mass Check

Test of the Emitter in the Convertor Operation at a Suitable
Working Point of the Characteristic Line

1.3.2 Installation of the Combustion Element

1) Manufacture of an anode piece with tightened bridge and degassing'of
this part

2) Connection of the bridge with the emitter per diffusion bonding

"El. Measurement of Resistence

3) Adding the second half of the anode by making a connection of the
metal and ceramic for separating the anode in the series connection

Leak Test of the Metal-Ceramic Connection
4) Assembling the combustion elements and welding the individual anode
halves below one another
5) Locking the combustion element
- Leak Test of the Eleﬁent
6) Attaching the layer of Al

0
grinding of the ceramic layer 2’3
7) Shrink fitting of the outer pipe jacket by zones

by means ‘of plasma Spraying and plain

Final Leak Test
lnsulatioq Tést
8) Evacuation and closing' off the combustior element
2. Fuel Investigations \
2.1 Non-Ventilated Fuels

2.1.1 Reduction of Expansion of Non-Ventilated Emitters by Reducing
Temperature ' '

2.1.1.1 Statement of the Problem

In using UOZ-Mo-Cermet as well as coated particles coated by Mo as fuel

and cathode material in the thermionic reactor combustion element, an expan-
sion effect of the cathode is to be expected at the high temperature of

12




utilization of 2,000°K and the required burn up, and this expansion leads to
destruction of the convertor before reaching the end of its necessary lifespan

[5].

Therefore, the prolonging of the lifetime expected as a consequence of
expansion as a function of a reduction of temperature was therefore the sub-
ject of the following described investigations.

2.].1.2 The Creep Law for Molybdenum

The general form of the creep law for metallic working materials is as
following [8]:

£-KH76”"'"”" (2.1)

where € is the change in length in %,y is the stress in kp/mmz, t is the
time in hours, T is the absolute temperature in degrees (°K). '

{n Ih )
lkpn hm j

k(K), n(T) and m(T) are characteristic functions for special metals, e.g. for
Mo. A statement as to the connection of these functions is provided by the
Larson-Miller equation:

TG nE) T, (Comtn E5) (2.2)

If the creep data of Mo are evaluated, as they were published by General
Electric [9] for the temperature range from 1,200°C-2,400°C, then it is found
that m(T) and n(T) are functions which are only slightly dependent on tempera-
ture, while k(T) is related as an exponential factor to T (Figure 5-Figure 6).
The form of k(T) derived from the experiment agrees well with the one derived
from the Larson-Miller equation for the case where m = constant and n = con-
stant. Therefore the out-of-pile creep law for Mo reads as follows:

£80exp [12-10°% (- 2073%)] -4 9 (92 *020T 10" (2.3)
for 1493°K& T £ 2673
where ,é:'[.%;]' r[o/(]' é[kp/m'ma] {[h] is to be used.
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2.1.1.3 The Change of the Longevity of a Thermionic Combustion Cathode as a
Function of the Emitter Temperature with Optimum Convertor Operation

The expansion effect of a Cermet or a coated particle batch with the
given internal structure has already been given by the author for the special
application case T = 2,073°K [3]. By considering the equation (2.3), the
relationship given there can be given in a form which is valid for the entire
temperature range of interest as follows:

D G (8T Le (T U o )T (2.4)
1773% b1 b2673%K

(%), U(%) (UO2 concentration of ‘the cathode) T(°K), W(kW/cmS);‘ri(cm)
(particle radius), V (%) (proportion of pores in the U02),-U0 = 74 1% (UO2

space filling with hexagonal spherical packing) = (kp/mmzh) k(T ( ),
t(h) or with n = 4.0 = 0.75: .

n(T): 125102 [135)% -1] Sep [ 12-10-2(T-2073) ¥t (2.5) -

The function y is defined herein as follows:

-, . Increase of Stress in the Mo (2.6)
X Unit of Time s )
The limitation of equatibn (2.4) or (2.5) to the temperature range
1,500°-2,400°C compared to the basic equation (2.3) has the following reasons:

a) It must be taken into account *aat unly above 1, 500°C all fissionable
gases arlslng are given off into the fisvion-gas pores and do not remain

behind in the UO [10].

b) Below 1,500°C, the toughness or UO neglected in the derivation
increases in such.a way that the 51mp11f1cat10n of neglectlng the toughness of
the UO is no longer permissible.

. If the longev1ty T of the cathode is defined as the time which transpires
util“an expansion effect of 1% has been achieved, then we obtain from (2.4)
or (2.5)

A N @7
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If now a combustion cathode is operated with reduced ﬁower and tempera-

ture, then the expected change of longevity is obtained from the relationship:

TTe) k(To)[AE(To)] i

. TTo, %) K(T) e’/ (2.8)

The rela*ionship 3(9/4: ~ can be rgpresented‘as follows:

C2olTo) T Wopt (To) - 2.9
2 (T) T hwopt (T) .

Since k/kp is likewise known from the creep experiments, equation (2.8) can
‘be transposed into the following form:

T(T;&) -2 ro Went (TO) . 2.10
haxa) cxp[025 10 (75 T)] T—-——b—w” b (2.10).

The thermal surface power of a convertor running at optimum as a function of
“emitter temperature was determined on the best W emitters investigated at
that time in our plant and which were combined with a sprayed layer of plasma
with a vapor plating top layer. From these measurements and on thL2 basis of
a geometric configuration of the fuel cathode, the necessary power density
Wopt created by nuclear fission in the fuel was Jetermined as a function of

the working temperature of tiie convertor. In so doing, one ¥ is clearly
.allotted to each emitter temperature T and the relatlon /19 is still only a
" function of T. That means that from:

Vopt {T)~ I.J.ﬁ_tg. (with an approxmately 0.5 mm electrode (2.11)

distance)
It follows that:

,’C

scxp{025 10'2(7-7<> [ -16-10}

1773°K& T4 zaao_.'_/r_ o

Eq&ation (2.12) represented the desired connection between the longevity of a '

.Cermet and the operating temperature of an optimized thermionic convertor.
Let equation (2.12) be evaluated finally for the following example: .

A

16 10 (2.12)i
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T = 2073% T

1800°K

oy
iR

This means that a reduction of the emitter temperature from 2,073"K to 1,800°K
with the same and still permissible expansion leads to an extension of the
longevity by about the factor of 4.

2.1.2 Out-of-Pile Investigations of Coated Particles with Mo Shells

2.1.2.1 Statement of the Problem

In the 1965 annual report [5] ideas were developed by us how a nuclear
heated thermionic emitter could be constructed from coated particles with a
Mo coating. The ideal particle dimensions calculated there are, however, not
commercially available. It is therefore being investigated to what extent

the commercial coated particles are suitable for use in a thermionic
convertor. '

For this purpose, during the period of the report coated particles from
the firm of NUKEM, GmbH were obtained:

wee T Thickness
1.) 150/11 : 5-6/u
2.) 70-120 ju 5
3.) 70-120 yu 2-3 /u

2.1.2.2 Heating Table Investigations

S 2.1.2.2.1 Experimental

The investigations are carried out in a commerc1a1 heating table under 2
“vacuum of approximately 1075 mm next Hg pressure using a Mo heating conductor.
"~ The coated particles to be investigated lie in a semicircular dish directly

on the heating conductor. The temperature measurement takes place through
.pyrometers with consideration of the absorption losses on the covering glass
of the heating table. The accuracy of measurement in this case is about %70°C.
Better reproducibility cannot be achieved since very quickly a covering layer
~of material vaporized from the coated particle forms on the glass.

7
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; -polished sections showed.

i

The increase of absorp*lon by the prec101tation of vaporlzed svnstance
:15 also applled 1n the eatlmatlon of the change of vaporization rates.

}2.1 2.2.2 Program of Investigation

fon

(

Y

o

The experimental program carrled out can be seen from Table 2.1. The goal

-of the investigations is to obtain information as to the sinter behav1or of
coated particles as well as to obtain 1nformat10n on the behaviour of vapori-

zatlon.

;2.\.2.2.3 Experimental Results

o

i

Type 1 coated particles have a smooth surface and a uniform coating

‘thickness in the condition in which they are delivered, as investigations of

When they are heated at convertor temperatures, a

-roughening of the surface is observed within one hour. The surface then

~appears spotty as a consequence of the emission capability whlch varies from
p01nt to point.

Qver

,_‘ (‘_!,

~extent already occur after ten minutes.
~the coated particles already possess a fairly rough surface in the condition

~in which they are delivered.

- In the investigation of Type 2 and 3 part

e

icles these phenomenon to some

This may be caused by the facts that

Hand in hand with this advancing roughening of

~the surface, bridge formations with adjacent particlés can also be observed.

~Gradually the loose band of particles grows together to a batch.

Finally,

-while still in the period of observation the roughening leads tc a formation
The vaporizing UO comiensas--as subsequent inves-

-of cracks in the coating.

' tigations of polished sections show--on the upper layer of the coated parti-
icles as a consequence of the temperature being somewhat less there.

i

L
i

In the case of investigations with changing temperature (cycles between
2 000°K and room temperature) all these phenomena appear more often and more
{frequently,

i
!

It could be observed s:multaneously in all cases that the rate of conden-f

'satlon of the particle surface decreases about 50% as the heating time

r
am
3

then it gradually reaches 10-6

1ncreased

i
i

2.1.2.3 Long-Term Heating Tests at 2 100°K

2 1.2.3.1

. rected.
~"A1,0, was first used as

273

Experimental

i
i

mm Hg pressure,

3 The heating is carried out in a r951stence furnace under vacuum.,
case, the vacuumm during the flrst 24 hours is about 10~° mm Hg pressure, and

In this

The temperztures are measured
-with a pyrometer, where the absorption at the glass observation port is cor-
The accuracy of measurement probably comes to *30° at 2,000°K.

crucible material, but this was later replaced by Mo.




2.1.2.3.2 Program of Invesfigation

. The goal of the investigations is to repeat the results of the heating
table investigations under definite conditions and to extend the experiments
- to longer times. The experiments carried out can be seen in Table 2.

2.1.2.3.3 Experimental Results

The final metallographic investigation for experiment number 1 according
to Table 2 shows the same roughening as was found also in investigation of
the heating table. Figures 3 and 4 show a comparison of the polished sections
of the coated particles before and after heating. The same results are also
found fer experiments numbers 2-4/Table 2, even if 'in exaggerated form. In
spite of the fact that the initial condition of the coated particles is
different (cf. Figures 2.3 and 2.5), nevertheless the final condition after
239 hours heating is almost the same (Figures 2.6 and 2.7). The roughening
of the surface has proceeded so far in thlS case that the shells have often
broken open several timcs. :

-2.1.2.4 Chemical Investigatioﬁs.
2.1.2.4.1 Statement of the Problem

It was found for all heating tests that a.considerable amount of sub-
stance was vaporized from the coated particles. The goal of the investiga-
tions is to determine the composition of this substance qualitatively as to

_the extent possible also quant1tat1ve1y

.2.1.2.4.2 Experimental .

For activation analysis, portions of the sample materials are irradiated
in the FRM., Then the activated matericl is separated vadiochemically and the
-individual fractions measured in a &-spectrometer. The margin of error of
the semi-quantitative analysis must be estimated at 20-50%.

3

!

.2.1.2.4.3 Experimental Results

Precipitations were investigated which were created in heatlng Type 1
‘"coated particles” for 8 and 75 hours at 1,830°C and found on the A12 3

crucible. The results of the analyses are compiled in Table 2.3.
~2.1.2.5 Conclusion. %

Coated particles which still lay within the realm of the commercial
capability of the manufacturer (NUKEM) were investigated; this applies both
to the diameter of a minimum of 70-120/u as well as for the minimum Mo layer

thickness of 2-3/u.

The configuration of coated particles in the purchased condition is quite

varirus. While a fraction of 150/p f§ possesses a smooth and uniform coating

L .19
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of Mo on almost spherical-shaped U0, bodies, the fraction 70-120/u P had an

extraordinarily rough surface. This is caused by the bumpy and out-of-round
configuration of the UO body.

If the particles are heated at approximately 1,800°C, then a roughenlng
of the surface takes place which already begins within one hour and inside
239 hours leads to a rupture of the Mo shell. Hand in hand with the rouguen-
ing of the surface, it is also observed that the loose group of particles
fuse together to form a batch.

An evaporation of the surfaces is noted during the heating. The rate
of evaporation decreases about 50% within one hour and then remains constant.
As expected, Mo with over 99% by weight forms the chief proportion of the
evaporating substance. Along with Mo, with 0.6% by weight there is a smaller
proportion of tungsten, and in one case an additional 0.4% of uranium.

The existence of tungsten in the precipitation is surprising, for even
when the Mo coating contained tungsten with 0.6% by weight as an impurity,
the tungsten should be found only in a very small mass because of its much
smaller vapor pressure if we are dealing here with the cvaporation of pure
metals. In any case, if the surface is eroded by evaporating oxides, the
same types of attrition are to be expected in the same order of magnitude for
Mo and W. Oxygen can diffuse to the surface from any possible over-stochio-
metrical UO2 nucleus,

A proof of uranium in the precipitation only in the shorte:r heat test
of 8 hours and not after 75 hours duration can be explained as follows:

The coated particles still have a slighé surface impurity with UO2 which

stems from the manufactur1ng process. The uo, eﬁéporates immediately after

heating and prec1p1tates on the collector and spreads out from there--since
the latter is still found at almost the temperature of the sample--gradually
throughout the whole furace.

Better results with coated particles for in-pile tests are reported by
‘Winkenbach [10]. The coated particles, which are likewise manufactured by
NUKEM, have, however, a thicker coating of Mo (10/u) As subsequent investi-
gations of the irradiated particles showed [11], these also show the same
characteristic roughenings as we have found them also in the out-of-pile

investigations. The fag¢ts that the particlés nevertheless remain dense during

the irradiation of 1,200 hours at 2,000°K is in the opinion of the author,
however, merely to be understood by the thicker Mo shell and the temperature
which was about 100 lower.

In summary it can be said that the coated particles with the Mo shells
available at the time are not suitable as nuclear fuel for thermionic con-
vertors., In particular, the question of thermal roughening of the coated

20



particle surface at the convertor temperature, which under certain conditions

is connected with the stoichiometry of UO2 nuclei, must be investigated in

more Jetail. ;
WG W :

2.2 Ventilated Fuels
2.2.1 The Emitter S I

2.2.1.1 Stability of Shape -
The construction of the emitter is represented in Figures 1.1 and 1.2
and described in chapter 1.1.2. The gaseous fission products arising diffuse
at the high temperature and the short diffusion paths almost completely from
the fuel from [10] and are taken off in the proper fashion. The remaining
solid fission products cause a solid body expansion of the UO . However, as

the following considerations will show, this only leads to a sllght change in
shape of the molybdenum, although both UO2 as well as molybdenum can be’ con-

sidered almost completely plastic &t 1,700-1, 800° From the creep data
available in technical literature [5, 9] it is found that--in case the stres-
ses are sufficiently small---UO2 creeps faster than Mo. Not uintil above a

certain limiting stress does Mo creep faster_ than UO Since possible stres-

ses occurr1ng are 1mmed1ate1y compensated by creep, 1t is assumed that we

remain in the area in vhich UO2 creeps faster than Mo. It is therefore

expected that the expansion of the uranium dioxide leads chiefly to an expan-
‘sion in the direction of the imner cells and the molybdenum bodyof the emit-
ter changes only very little. . . . e

2.2.1.2 Fuel Transport and Temperature COmpensatnon“Broeesses'ln‘!he Emntter

PRV - :-u ~

It is well known that UO2 at the operatlng temperature‘of thejem1tter of
- <5 T L

2,000°K has a vapor pressure of 10~ mm Hg pressuire f!gj
operating the emitter, the fuel relocations already described in chapter 1.1.2
occur and vwhich lead to the formation of an empty space in the emitter. The
latter is characterized by the fact that its surface forms an isotherm.

Since the free length of path is large compared to the distances of the /30 ‘

surfaces standing engaged in the exchange of material, the evaporation values
given by Rom [14] can be used Pty approximation. Because the UO2 rods

A ren R '«1(

are filled with a play of the order of magnitude of tenths of millimeters,

it can be expected that the gntire. amount of fuel during the initial phase will
evaporate and recondense on theé:Mo. walls, The transport of material takes
place relatively fast since thi -pﬁretlng fuel columns--because of the poor
heat transference to the Mo——cdngtdntly shows a higher temperature than the
fuel condensed on the Mo. ~“THeXMapors ‘préssure of the condensed UO2 can remain

undisturbed in good approximation in estimating the rate of material trans-
port because of the strong temperature dependence of the U0, vapor pressure

o1
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[13]. An exact consideration of these effects is practically not possible
since the resistence to heat transfer between evaporating UO2 column and con-

densed film is undefined and difficult to obtain by calculation. One estima-
tion of the relocation time carried out under the limitations described comes
to i

t;m 200 - 300 h

Temperature inhomogeneity in the emitter is compensated for by the fac: that
a UO2 transport takes place through the gas phase from the hot to the cold

place. The UO2 which additionally condenses at the colder places is likewise

burned off and provides the additional heat energy which is still necessary
for temperature compensation. For example, such a transport rate of UOZ is

to be expected at an emitter temperature of 2,000°K and with a temperature
difference of 20° so that this inhomogeneity of 1% of the rated value should
be compensated for by the relocation of fuel in approximately in

tﬁg 100 h
As the above, rough estimations have shown, the time necessary for leveling
the temperature is smaller than the transition time of the emitter from the
initial condition to the condition of fuel equilibrium distribution. It can
therefore be expected that a quite uniform temperature distribution will be
established on the emitter surface at the end of this first burn out phase.
‘More exact calculations for the problem of UO2 transport in the emitter during

ipperation are planned in the future reporting period. /31
Attention must be paid to a corresponding U/O ratio because of the

“expected relocation processes extending over the evaporation phase. Only
- approximately stoichiometrical UO2 evaporates congruently [15]. If the

'étoichiometry is not present, then UO or 003 occurs in the gas phase along
with Upz. U0 and UO3 can cause an oxygen corrosion of the emitter or lead to

a penetration of U into the Mo.
2.3 Preparatibn of Radiation Tests of Emitters: ._. Py

2.3.1 Extrapolation of the Expansion Effect Occurring at Time Swept'Radiation
Experiments of Thermionic Emitters i

2.3.1.1 Statement of the Problem

The expansion of the fuel cathode.conceived by us is in any case contr-l-
led by the creep law of Mo at an operating temperature of 2,000°K. As a

San v




consequence, the expansion cannot accelerate corresponding to the burn out
sweep if the creep of the Mo is not also accelerated by a corlespondlng
. increase in temperature. From this we have the first task.

a) Finding the temperature increase AT as a function of the burn out
sweep p. In paragraph 2.1.1.2 the author pointed out that the expansion of
the fuel follows an exponential law of time with a high exponent. So long as
the expansion effect remains under the indicated limit of the measuring pro-
cess, it cannot be determined in a trivial manner. The result of this is an
"incubation period" of the expansion-depending upon the measuring process.
Here we find the second task. '

b) Judgment of the stated value of a time extraﬁolation of the expan-
sion effect from the available experimental results.

2.3.1.2 Determination of the Temperature increase AT as a Function of the
Burn Out Sweep p

If the experimental results of a genuine timed sweep should correspond
to the burn out sweep factor p, then the following condition must apply to the
deformation as a consequence of expansion:

E,[%'B}—" = _ 6["” (2.13) .

7" For simple burn out For p-multiple burn out ~

T = Temperature, t = Operating Time, and p = Sweep Factor of the Burn Out.

A deformation of the emitter surface can only take place as a conse-
quence of molybdenum creep in the present cathode types. As a consequence,
the creep law for molybdenum must be made a basis in ‘the determination of the
temperature increase AT.

e K(T'éﬂ(n M(I)

& k(TM

A linear setup is permissible if the fissionable gases are not ventilated for
the temporal behavior of the stress with time during the burn out.

PN

< Proportional factor, which also simultaneously contains all the necessary
geometric factors. :

L .28

n (7m0 (2.14)

“¢:apt (2.15)
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When equation (2.15) is now introduced into (2.14) and integrated taklng
into con51derat10n the boundary condition ¢(0.7) = 0 we obtain:

LN(T) MTIEN(T)H

Aenfap
ET) frye fmﬂ |

If now equation (2.16) is used for both cases p = 1 and p > 1 in (2.13), it
. follows that:

K(T)a N(Ly) M(mfN(Tf)*f.K”,z){ap}lllfz) M(T2)+ N(T2)+1 (2.17):

M T PN (TIeT ¢ M N 5T ¢

In order to evaluate the equatlon (2.17), 1t can be assumed in a 11m1ted i
-temperature range that o Sy

mez, M, (T)
v¢0.

NIT) =No+Z Ny (1)
o . - U .- c il veo, . .

-The simplification is sofar not too incisive since M and N only slightly !
depend upon temperature. If equation (2.18) is introduced into equation i
-(2.17), then we obtain i : -

¥ Ho+1 K(Tz)
p K RiT) (2.19)

% :
o If the Larson-Miller relation is now evaluated for the temperature rela-

~tionship of the creep rate using the simplifying assumption of equation (2. 18) |
-and for a small temperature range, then we find:

KUT) . eyl 1l .20
K -erlecn ) )

C = Constant

From the experimental results of Ceneral Electfic [9], the behavior of:
‘k(T) was obtained. If the results are corelated, then we obtain:

2 S
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- _sibilities must yet be discussed: no expansion has taken place; an expansion

AT=70(np - (2.21)

Therefore, a temperature increase AT can now be clearly allotted to a
_burn out sweep p in a temperature range of the operating temperature of ther-
mionic convertors of 2,000°K, in case a time sweep corresponding to the burn /34
out sweep is desired in the study of the expansion effect.

2.3.1.3 Evaluation of the Stated Value of a Time Extrapolation of the Expan-
sion Effect from the Experimental Results at Hand

3

After the end of the radiation, the diameter of the cathode can be
measured with a measuring process having the accuracy g. In this, two cases
may obtain: a) there .is an expan51on effect which is measurable; b) there
is no expansion effect which is measurable.

) a) In this case, an extrapolation to fairly long utilization times is #
simple if one starts according to equation (2.14) from a simplified form of i
_the time and behavior of the expansion.

2 R‘-tf" (2.22)

Nith a known M, K can be determined from the experimentdl time and the expan-
“sion effect. ‘

b} In this case, an extrapolation is very unsufe, since two other pos-
has taken place, but the effect is smaller than the accuracy of measurement g.

A decision between the two possibilities cannot be rade.. One can merely
-offer a maximum estimation. For this case it must be assumed that the expan-

-sion effect would have been measurable if the experiment had only been con-
tinued on for a short period of time. Then it follows:

. ey . .
| | y (2.23
E-QQRIO MR.A” ( )i
ifO = Expansion time; g = Stated Limitation of the Measuring Process.

In this way we have an upper evaluatlon of the expansion effect as a v /35 ke
-function of time.

Eegd)” (2.2)

25




Thus the value of the extrapolation is closely connected to the accuracy of
measurement g and the in-pile experlmental time tO

Example. A total expansion of 1% with a cathode diameter of approximate-
ly 20 mm in two years is still not permissible. A time sweep about the fac-
tor of 2 appears possible. With an experimental time of say six months, the
measuring process must permit measurement of an increase in diameter of the
cathode according to (2.23) of 10/u. With an experimental time of threce
months, a resolution capacity of 1.5/u is required. A natural limitation of
the experimental time limit therefore represents just the possible resolution
capacity of the diameter measuring process.

2.3.1.4 Conclusion

A temperature increase belonging to a particular burn out sweep can
clearly be calculated. The latter is relatively small. The reason for this
can be sought in the strong relationship of creep rates to temperature. From
this results the still higher requirements for accuracy of the temperature
regulation during the radiation.

‘ Extrapolations of the expansion effect for longer utilization times from
-shorter and possibly time-swept radiation experiments are very uncertain,

For proof that the permissible expansion rate of 1% in two years is not
-exceeded for one of the cathode types suggested m1n1mum experimental times
of 4 to 6 months are necessary.

2.3.2 Radiation Experiments
2.3.2.1 Statement of the Problem

The preparation of radiation experiments with fuel emitters was begun.
The experiments were to be carried out in the second isotope canal of the
Federal Republic in Karlsruhe. The goal of these radiation experiments is to
obtain data on the long term behavior, i.e., to answer the question whether -
the proposed emitters operate satisfactorily during the planned long term time
of about two years under the operating conditions of thermlonlc cells (temper-
~ature, heat output, expansion and creep limits). 3

For this reason, the emitters which in their essential characteristics
correspond to the ones to be used later in the thermionic convertor combustion
element are irradiated. The emitters are filled with the planned amount of
fuel and provided with a tungsten layer, the series-connected bridge and
-(depending on type) with a fission-gas line and a collecting chamber. Only
under these experimental conditions are results to be expected on the thermal
loading of fuel, the mechanical stress of the structural materials, the
behavior of the tungsten layer at operating temperature and under reactor
radiation and the functioning of the fission-gas ventilation.

In order to shorten the radiation time, the experiments are arranged in
such a way that the fuel developes double the specific heat output as in the -

. - b S e
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nom1na1 operation in the thermionic convertor combustion element (heating
surface load at the cathode surface is 100W/cm? instead of 50W/cm2). In
this way, the doubled burn out is achieved in the given experimental time or
the time in order to sweep the time by factor of 2. For a time acceleration
of temperature controlled processes such as creep or diffusion, the tempera-
ture during radiation must be raised by about 50°C (see paragraph 2.3.1).
One radiation test each is planned with three, six and nine months radiation
time so that burn out conditions are achieved such as would be present after
six, twelve and eighteen months operating time undcr nominal conditions.

Since the creep rate of molybdenum, depends strongly on temperature, the
cathode's temperature must be measured exactly and carefully controlled during
the radiation experiments. Therefore a radiation capsule should be construc-
ted which fulfills the following functions:

a) A high surface loading of the emitter surface of 100W/cm? (rod out-
put 628W/cm) must be led away, where the temperature distribution over the
entire length of the emitter must be 51m11ar to that of the emitter in the
convertor cell. : :

b) The emitter must be maintained force free so that changes in form
which develope as a consequence of expansion of the fuel and different thcrmal
expan51on can take place unhindered.

: c¢) The radiation capsule must be provided with an instrumentation to
measure the emitter temperatur,. """

d) Changes of emitter power whiéh occur owing to neutron flow fluctua-
tions and increasing burn out must be compenSated by an electrical auxiliary
heater so that cathode s temperature is regulated constant with respect to
- time.

2

2.3.2,2 Coﬁstruction of the High Output Radiation.Capsule

In order to carry out the tasks named, an experimental insert is 1aid
out and calculated which can be inserted into. the Federal Republic's number
-2 isotope canal. Its construction in principle can be seen in Figure 2.8.

The experimental insert contains two emitters and two fission gas con-
tainers one over the other. It is filled with helium and welded shut. On
_the upper side it tapers to a support which fits into a carrier pipe in the
immersion tube of the FR 2,

- The amount of heat produced in the emitter is given off through radial
‘heat radiation and conduction to a niobium pipe arranged concentrically
‘around thé emitter. The aperture between emitter surface and niobium pipe
is filled with inert helium (30 mm Hg pressure). The width of the aperture
“comes to 0.6 to 0.8 mm} its exact value is determined in heat-technical free
tests. The proportion of heat radiation in the entire output comes to only
- 20%. '
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Figure 2.3. Coated Particles in the Condition Delivered: Diameter
of the uo, = 150/u, Coating Thickness 5/u, Enlarged 200 Times. .

Figure 2.4. Coated Particles as in Figure 2.3, However Shown After
75 Hours Heating at 2,000°K, Enlarged 200 Times.
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Figure 2.5. Coated Particles in the Condition in Which They Are
Delivered, Diameter of the UOé = 70-120/u, Coating Thickness 2-3/u,
Enlarged 500 Times.

Figure 2.6. Coated Particles as in Figure 2.3, However After 239
Hours Heating at 2,000°K, Enlarged 100 Times.
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Figure 2.7. Coated Particles as in Fzguru 2.5, However After 239 :
iRt Hours Heating Time at 2,000°K, Enlarged 200 Times. - o e

The cathode hangs in the niobium tube on the cathode-anode bridge pro-
~vided in the convertor cell conceived. Its lower end moves freely at the :
‘axis in order to pick up various peat extensions and centers over a second ;
bridge to the ni-bium tube. The temperature of the niobium tube lies between -
450°C and 750°C according to the power of the auxiliary heater which is wound
"electrlcally around the tube with which ithe surface temperature of the, emitter
.of 1,780°C is kept constant with fluctuations of flow. §~
The filament winding is surrounded by a steel pipe. Intermedlate spaces
“between steel pipe, niobium tube and heating conductor are filled up'with :
copper to make a good heat-conducting transition. ~ Steel ribs radiating around
‘the outside are fastened on the outside of the steel pipe-in the axial direc-'
tion and lie on the inner wall of another steel pipe. Its thickness is
measured in such a way that the temperature of the niobium pipe makes possible
‘a satisfactory regulating width of the electrical heater.

The outer steel pipe forms the housing of the experimental insert.
‘Between the latter and the inside of the immersion tube in the FR 2 there is
an aperture of 2.5 mm widths through which D,0 flows for cooling the experi-
mentel insert. The experimental insert is led into the 1mme“51on tube by weans
of spheres which press on the outside by sprlngs. : 5
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Ten closely welded or soldered sleeve thermocouples rise up from the /38
experimental insert along with two coaxial lines of the neutron flow accept-r
and four connections for the electrical heater. i i

The calculated radial temperature behavior in the experimental insert
is represented in Figure 2.9.

s
i

2.3.2.3 Instrumentation i

The emitter temperature is measured with each of two thermocouples WRe
5%--WRe 26%. At the same height as the emitters, the temperatures of the
steel pipe are measured with three thermocouples made of NiCr-Ni placed around
120° and the neutron flow is measured with a flow detector which gives off a
direct current proportional to the flow. These measuring data are registered
with dot printers during the-.entire time of radiation.

During the first few days of radiation, a correlation must be found
between the emitter output (or neutron flow), electrical output and tempera-
ture of the steel pipe at constant emitter temperature. This correlation must
permit the emitter temperature to be held constant even with a breakdown of
both high temperature thermocouples. Therefore, suitable measuring instru-
ments are provided fo~ the measurement of the electrical heat output. :

2.3.2.4 Regulating the Emitter Temperature -

The emitter temperature can deviate at the beginning of the radiation
-experiment from its calculated value. Reasons for this are the uncertainty
of the neutron-physical layout (+30%), deviations in the degree of richness
of the fuel, measuring errors in the determination of flow in the IK positions
and tolerances in installation. Compensation for these errors as well as the
increase of the nmeutron flow (about 10%) required with increasing burn out
takes place by resetting the experimental insert to other isotope-canal posi-
tions by making use of the radial flow gradients. .

After compensation of the large. temperature deviations at the beginning
‘of the radiation time, small changes of emitter temperature are compensated ,
by the electrical auxiliary heater. !

With a rated heat production of the emitter of 3,140 watts, the heater /40

‘is operated at half maximum heater output. The maximum heater output comes to
3,770 watts per emitter section. From this and from the temperatures of the

niobium tube, there is a regulating range of *13%, i.e. with fluctuations of

the emitter output between *13% the emitter temperature remains constant.

With the measuring value of one rof the two tungsten-rhenium thermocouples, there

is an approach to an electronic regulation which changes the time average

value of the heating potential over a phase section through thyristors. A :
maximum heating potential comes to zzoveff. ‘ |

2. _ T
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With the breakdown of one of the two WRe thermocouples, the element
still functioning is connected to the regulator. With the breakdown of both
-WRe thermocouples, the regulator is controlled by one of the three NiCr-Ni
elements in the steel pipe or operated by hand. i

2.3.3 Heat-Technical Experiments

The layout data for the high-output radiation capsules must be tested
before using i~ the reactor. For this purpose, the part of the radiation
capsule which ‘tains the emitters and which is shown in Figure 2.8 is built
and operaced in a test band, where the power producing emitters are tested as
a resistence heated niobium tube of the same temperature and heat-surface
loading.

Goal of the heat-technical experiments are the exact determination of the
size of the heliur-filled aperture between the cathode surface and the nio-
-bium tube, assuring the functional capability of the experimental insert by
maintaining the upper temperature limits, testing of the temperature regula-
tion, testing of the technologicai production methods of components of the
experimental insert and the temperature measurement at reference points in
; case of breakdown of the high temperature thermocouples in the reactor.

2 3.3.1 Test Stand ;

The test stand for the heat-technical testlng of the radiation capsule
~can be seen in Figures 2.10 and 2.11. The high power supply of the resistance
“heated niobium tube, the pump stand, the vacuum recipients which contain the /41
_radiation capsule balance network, the helium supply and the helium after T
cleanlng stretch can be seen. . !

. In order to avoid oxidation of the odd parts, the vacuum recipient and
later the radiation capsule are evaculated to a high vacuum and then filled
-with helium at about 30 mm Hgz pressure. The flask helium has to be ‘led before-

hand through an after cleaning stretch in which it drops off impurities of
~oxygen, steam and carbohydrates to 2 molecular sieve at the temperature of
*liquid nitrogen. The concentration of steam of the purified helium comes to
about 1 ppm, and that of the flask helium about 7 to 8 ppm. . : ?

Figure 2.12 shows a cross section through the exper1menta1 arrangement
-and the balance network of the radiation capsule as it is to be mounted in the
-expérimental arrangement. The 'resistance heated niobium tube (6), whose lower
tapered end of 60 mm length simulates the emitter, hangs in a water-cooled
vacuum container (1), through whose window (2) its temperature-is determined
-by pyrometer at the water-cooled flow inlets (3), pole choose (4) and contact .
“jaws (5). The radiation capsule--water-cooled sleeve (8) and electrical aux-
~iliary heater (9)--is set up through the centralizers (7) and (10) on the
-heating pipe, is fastened to a support leg (12). through a sprung receiver (11)
~and provided with thermocouple and water contacts (13, 14). Helium inlet and
-vacuum connector are found at (15) and (16).

34




PR

"

-9

. Test

1

ures 2.10 and 2.
Stand for Testing

r

g

the High

Capsule.

tion

g

Output Rad




stage

plate

36,

— 7

o " 'Figure 2.12. Test
Stand for Heat-

VD " Technical Testing of
X7 the High Output Radi-

ation Capsule.

i




2.3.3.2 Measurements /41

_ After the balanced network of the radiation-capsule is finished, tempera-

- ture measurements are carried out which should verify the temperature profile
-calculated and shown in Figucre 2.9. At first, the resistance heated niobium

tube (6 in Figure 2.:12) is put into operation and the temperature behavior

is determined along the axis of the tube in a vacuum and at a helium pressure

of 50 mm Hg by means of a pyrometer. The measurements are represented in

Figure 2.13. In operating the heating pipe in the balance network of the
experimental insert, therefore when cooling over a helium aperture about

0.5 mm thick, the temperature curve will corcinue to be smoothed out. - J42

After conclusion of the temperaturc measurements of the heat-conducting
components, the construction of the f3:r:¢ experimental insert is begun.

2.3.4 Neutron-Physical Calculations ‘ )

The flow thickness of thermal neutrons in the R 2 isotope canal at
Karlsruhe was calculated as is necessary for carrying out the radiation exper-
iments in the above described experimental insert and with the required output

-density in the fuel.

A fuel enrichment of 93% U-235 in the uranium is provided for the cathode
used in the thermionic reactor. In order to reduce costs and because of the
essentially easier determinations of safety for less enriched fuel, only fuel

-enriched to 20% U-235 is used for the radiation experiments. In order to
achieve the same heat release, a correspondingly higher neutron flow 1n the
;-experimental reactor must be present.

The thermal neutron flow in the interior of a D20—filled FR 2 isotope

“canal, thus the undisturbed flow, is well known. The neutron flow distribu-
_tion in the environment of the canal is changed by bringing in so strong an
absorber as the experimental insert with the thermionic fuel cathode. With
the help of the diffusion theory, first the flow curve in this outside range
is calculated. The latter is represented along with the undisturbed flow in
MFlgure 7.7. The flow at r = 8 cm was used as a limiting value for the flow
reduction calculations. ' i

The calculation wh1ch was carried out accordlng to the collision proba-
b111ty method (Amouyal-Benoist-Mueller) (Figure 2.15) .shows ‘he flow curve in
" the experimental insert according to this method (curve 3) along with the
~ flow curve according to the diffusion theory from Figur. Z.14 (curve 2).

An average thermal flow in fuel of §; = 1.8: +1013 em~2 -1 is requlred /43

for a thermal output of 3,140 W per cathode corresponding to 100W/cm cathode
-surface. In cons;deratlon of the calculated flow reduction there is the pos-
sibility of fp = 7.0+10!3 cm-2 s-! for the selection of a radiation canal in |
the D,0-filled canal. S |
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.+ “3.1.1 Stat_nent.of the Problem | ' 3

-of the cathodes.

-tions can be of advantage w1th respect to a helium filling.
" i3. Investigations for Producing W-Emitter Layers i /45

‘3.1 Production of W Layers by Pyrolysis of W(CO)6~

~the method of vapor plating is the best suited for the production of tungsten
- layers. There are fundamentally two different methods to choose from:

-columnar structure caused by the high layering rate and, 2) the hydrogen-

-strongly. By using hydrogen, all the problems of gas purification .occur

40

In order to avoid flow bellying; absorbers 25 mm in length and of the /43
macroscopic effective cross section as the fuel zone are attached to the ends

2.3.5 Préduction Experiments

The dimensions of the experimental insert and its upper connecting piece
were discussed in connection with the Department for Reactor Operation of the
Society for Nuclear Research at Karlsruhe, where work on reactor inserts

‘(immersion tube, screen plugs)ln which the experimental inserts are to be

housed during radlatlon is to be carried out.

We began with production experiments for making the electrically heated

-cooling and heating body (in Figure 7.1 designated with hanging heating pipe--

pipe jacket), where filling up the intervals between the heating conductors
with copper with inductive heating and in the radiation furnace was tested.

Along with the cooling of the emitter containing fuel in the experimental
insert along the helium filled aperture,. another cooling method was investi-
gated. It consists in leading off the heat output over metal cooling sheets

-by heat conduction and heat radiation. The cooling plates consist of niobium 3
-and are welded along the sleeve lines with the electron radiation on the T
cathode. Figure 2.16 shows a cross section through a cathode with 20 welded /44
-cooling plates. The plates become so hot at operating temperature on the

-emitter side that they do not prevent changes in shape of the cathode in the

reactor (expansion). The plates on the outside are coldered in a slotted
pipe. Between cathode and pipe there is a vacuum which under certain condl-

t

It has been stated a number of times in technical literature [16-18] that'

" The reduction of tungsten halogenized with hydrogen permits achieving a
high layering rate [19]. Serious disadvantages of this method are, 1) the

halogen compounds which are formed at high temperature and which react very
simultaneously if tungsten layers of high purity are desired, ‘ i

All these disadvantages are aborted by the tungsten hexacarbonyl method.
Sofar, only a small to average layering rate could be achieved. Details of
the method have already been reported by the author [5]. ‘

o R Godd
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- ~as a function of the layering time. It is recognized that if layering is ’

There is also the attempt to create tungsten layers of a certain struc- J45
ture for reasons of mechanical toughness and properties of thermionic emission
and diffusion behavior. Therefore, a combination of plasma spraying and

vapor plating is suggested by tne author [5]. i
Accordingly, two prohl.oms ire to be solved in order to improve the vapor !
plating method: 1) 1ncrea=1ng “he rate of layer; 2) controlling the Tayer
structure during layerin, Th~ experiments necessary to do this are described /46
in the following and the rest its are discussed. -

3.1.2 The Layering Rate

Two different methods for cozting the sample surface with tungsten
hexacarbonyl were applied for investigating the factors influencing the layer-
~ing rate: .

1) Indirect Coating. The tungsten hexacarbonyl is located in 2 tank
of suitable cross section in the layering container. The initial cross sec-
tion is sized corresponding to the output of the pump so that the pressure in
the container can be dropped, about two orders of magnitude below the vapor
pressure of the tungsten hexacarbonyl at room temperature Afte: separating
the pump from the container, the pressure gradually increases and the con-
tainer is slowly filled with tungsten hexacarbonyl gas. All the tungsten

-hexacarbonyl molecules which owiug to thermal movement come into contact with
-the hot surface of the sample, which has a temperature of over l,200°C or
-more, are split pyrolytically.: ' ' o

2) Direct Coating. The tungsten hexacarbonyl is located in a tank of
large initial cross section. The opening of -the carbonyl reservoir is in
this case large enough so thet the amount of tungsten hexacarbonyl flowing
-out approximately cerresponds to the output of the pump under working
pressure.

Simultaneously, care is taken so that the sample to be coated hanps
dlrectly 1n the exiting streams.of tungsten hexacarbonyl gas. In so. 601ng,

process 1)

3 1.2.1 The Effect of the Base /47

. " During the.course of the experiments 1t has heen shovn that the base has
-an important influence on the rate of layering. The effect is particularly
. strong when layering using method 1). Figure 3.1 shows the Juyer thickness

PRSI I

~begun on a polished molybdenum surface, the thickness of the layer increases
rapidly and then slows down. Conversely, if one begins with a molybdenum
suface which has first been plasma-sprayed with tungsten, 'u2n the growtn rate
is at first slower, remains then for constant for a fairly long time and then
finally exceeds the rate which can be expected from a polished surface.
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3.1.2.2 The Effect of the Supply of Tungsten Hexacarbonyl

) Figure 3.2 compares the thickness of the layer as a function of time in /47
methods 1) and 2). The essentially faster layering rate in process 2) is
noticeable. Both cases began with a polished molybdenum surface. In process
1) with about 140/p thickness, a clear increase in-the layering rate is to be
observed. Conversely, with process 2) even at 200/u, an almost constant
growth in thickness can be noted.

3.1.2.3 The Effect of Temperature

In the temperature range of 1,200°C-1,500°C, no dependence of the layer-
ing rate on the temperature could be clearly observed in our experiments.

3.1.3 The Formation of the lnner Structure

It can be seen immediately that the methods of layering described in the
preceding section have a considerable effect on the formation of the inner
layer structure. The surface orientation in the goniometer method and the
grain size were measured as a characterlstlc magnitude of the tungsten layer
structure. : i

3.1.3.1 The Eifect of the Molybdenum Base. . /48

In a case of the indirect spraying of the molybdem'n surface with tung-
sten hexacarbonyl and the small growth rate connected with it, the tungsten
grows epitactically on the molybdenum surface, i.e. the tungsten crystals
take over the crystal structure of the molybdenum base. ;

The intensities of the (100), (200) and (211) tungsten crystallites
oriented with parallel faces to the surface were measured on an approximately
40/u molybdenum sample layered with tungsten (Table 3.1). Approximately the
same distribution of intensity is found for the corresponding lines at the
surface of the tungsten and--after its attrition--ia pure molybdenum. By
‘comparing the intensity with ASTM normal values, conclusions can be drawn as
to the distribution of frequency. That means that in the molybdenum and in :
the tungsten there is about the same frequency of orientation for the indivi-
dual orientations. '

. For a more exact check of the existing state of affairs, the orientation
frequency was Wéasured for two molybdenum sampies after different heating B
periods at the temperature of layering. Then both samples were layered from ¢
measuring to measuring with about 10/u of tungsten each. The msasured iaten-
sities are listed in Figure 3.3. It is recognized even here th.t alnsst all
the measured orientations of the molybdenum were then taken over with the ¢
same frequency by the tungsten. Proceeding further it is even found that the i
change, which was different from sample to sample, of the surface orientation
frequency of the molybd:num can be observed during the hecting and also during
the later layor growth of the tungsten. i

44
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The same state of affairs is also noted with respect to the polished
sections. The grain boundaries of the molybdenum are taken over by the tung-
sten when the layering is sufficiently slow.

The grain size distribution in the molybdenum and in the tungsten for /49
various distances from the limiting line are shown in Figure 3.4. The same -
distributions are found in molybdenum and tungsten in the immediate proximity
of the limiting line. The grain size distribution in the tungsten is not
changed until the distance from the limiting line increases. The result is
even clearer when the average grain diameters are recorded as a function of
the distance from the limiting line (Figure 3.5).

The epitaxy can be especially well demonstrated when we start with mdlyb—
denum samples which have previously been stimulated for recrystallization.
In this way we succeed in creating tungstcn crystallites of considerable size.

3.1.3.2 The Effect of the Supply of Tungsten Hexacarbonyl :

A1l the effects in section 3.1.3.1 can only be observed vwhen the layering
rate does not exceed a certain limiting value.- In the case of higher layering 3
rates (direct spraying) the strict epitaxy of the tungsten layer is lost.

Simultaneously the ‘structure of the tungsten layers becomes more fine grained.

3.1.3.3 The Effect of Temperature

" If the layering is sufficiently slow, no effect of the layering tempera- :
ture on the grain structure can be detected. If the growth (direct spraying) ’
-of the tungsten layer is rapid, completely different conditions will be found.

The grain size distribution in the lower and in the upper layer range
of tungsten coatings which were created with a fast layering rate are shown
in Figure 3.5. It is recognized immediately that the distribution average
values are shifted to higher grain diameters with increasing layering tempera- .. . .
ture. For purposes of comparison the grain size distribution of an epitatical T
tungsten layer has also been recorded. The average grain diameters are given o
over the.layering temperature once again in Figure 3.6 to make this clear.

In summary it can be said that the grain structure depends greatly on the
layering temperature when the layering rate is rapid.

3.1.3.4 The Preferred Orientation of the Deposited Tungsten Layers

It is noted in investigations of the frequency of orientation to prove
the epitaxy of the tungsten layers that the (100) orientation provides a ten-
fold greater contribution to the measurement of the interference l!ine compared
to the ASTM value in the layers at hand. Simultaneously, it is foind that as
the thickness of the layer increases the preferred orientation is nore and
more pronounced. '
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The etchirg pit method was applied to investigate the preferred orienta-
tion and to determine the surface proportion of the (100) crystallite oriented
_with parallel faces to the surface. A numerical evaluation of the surface
proportion is compiled in Table 3.2. Thé result agrees well with the x-ray
measurement.

3.1.4 The Physicél Process of Layering
3.1.4.1 Model of Crystal Growth

If a tungsten hexacarbonyl molecule strikes the hot metal surface then

, it is split pyrolytically. The carbon monoxide which is hereby released is

volatile while the tungsten atom remains on the surface to be layered. How-
ever, it possesses two other degrees of freedom of movement. To be built into

the crystal group, the tungsten atom must be accumulated in such a way that

the gain in energy is great enough so that the possibility of renewed movement -

owing to thermal activation of the now built in tungsten atom is slight. This
can occur in principle in two ways:

o) The tungsten atom is built in at available growth points of the sur-
face of the metal.

B) The tungston atom loses mobility by combining with a secor? partner.
Simultaneously, the longevity of such a doublet configuration determined by
~the bonding energy is so large that with sufficient probability a third part-
ner joins in and so forth. In this way, new growth seeds are then formed

~which then effect the process (a) accordingly.

The decision as to whether (o) or (B) is active depends upon the time
during which a tungsten atom is free to move on the surface and on the amount
of new tungsten atoms joining in per a unit time by means of pyrolysis of tung-

-sten hexacarbonyl.

» i3.1.4.2 Effect of the Experimental Parameters on the Layer Structure

In the case of indirect spraying, the number of the tungsten hexacarbonyl
atoms which are pyrolyzed per a unit time at the surface is relatively small
and the movement of the tungsten atoms at 1,200°C is quite high. In this
case, only (o) is active. In this way, the available surface structures con-
tinue to be formed in this strict manner;and also the epitaxy occurring is
-understood. ' -

In the case of direct spraying and a temperature of about 1200°C, the
supply of tungsten in the layering is so high that (B) exclusively is active.
If the numbers of growth seeds is formed according to (8) corresponding to
the supply of tungsten, then continued growth can proceed in accordance with
(¢). This explains immediately the observed spiky crystallites. If now in
the case of direct spraying the layering temperature is increased, the mobil-
ity of the tuvugsten atoms is higher. The equilib. ium concentration of growth
points created in accordance with (B), however, de-reases and the average
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grain diameter of the tungsten crystallites increases as observed (Figure
3.5). Epitaxy as a consequence can also be achieved at higher layering rates
. in case only the surface mobility of the tungsten atoms depending on the
layering temperature is so high that (a) alone is active at the beginning of
layering. The (100) preferred orientation forming with increasing thickness
of the layer can be explained in the sense of the proposed model by the fact
that those crysti lites with the greatest probability of inclusion in the
structure also continue to be formed the fastest.

The problem of controlling the layer structure can as a consequence be
solved by following a temperature program during the laycring which corre-
sponds to one of the desired structures.

3.2 The Properties of Tungsten Layers Produced in the Vapor Plating Process
3.2.1 Porosity

The electron emitting surface should be free of pores. According to our
experimental results, the porosity of the created layers is closely connected
with the quality of the initial surface. If we proceed from a dense Mo sur-
face, then the layers are likewise free of pores as has been shown by detailed
measurements of density. If we begin with a plasma-sprayed surface, its
volume of pores will be largely closed. The covering layer thereby formed
is likewise almost closed. If, however, we proceed from a UO,-Mo cermet sur-

face, then completely different circumstances obtain. At a layering tempera-
ture of 1,200°C, the UO2 accumulated in the surface already evaporates. Simul-

taneously, thermal stresses occur ir. the surface .caused by the different
coefficients of expansion of U02 and Mo, and whose relaxation is not excluded.

. That has as a consequence that the tungsten coating téars up noticeably and
the UO2 evaporates during layering. This can be noted from the often changing

proportions in the area of the layer of open and closed poresA(Figure_3.8).
The total concentration of pores remains almost constant. Microprobe examina-
_tions have shown that the evaporating UO2 precipitates only to a small extent

 inAthe cracks of the tungsten layer. The rest evaporates in the containers.

‘ The investigations mentioned ° . technical literature [20-21] as to urani- /53
um losses of thinly ‘ayered cermet - ould accordingly, contrary to the deter-
minations of the authors named, not .z explained by diffusion but rather by
~evaporation. o ;

3.2.2 Transposi:iions, Substructures ahd Behavior of Recrystallization

As zlready reported by the author [5], the grain structure of the tung-
stc.. layers can be varied in wide ranges--from almost monocrystals to extreme-
ly fine-grained layers. Continued investigations have shown that the indivi-
dual crystallites are largely free from lattice defects, as transpositions
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and substructures are. To prove this, an etching pit technique provided by
Finke [22] was used. Transposition thicknesses in the order of magnitude of
106/cm2weredeterm1ned for a number of samples.

Vapor plating layers are designated as largely stable against recrystal-
lization in technical literature [23], Our own investigations have largely
confirmed this finding for temperatures of 1,600-1,800°C and heating times up
to 30 hours. Slight recrystallizations kave been observed only with combined
plasmas-spray layers with vapor plating covering.

Even if grain boundaries remain uneffected by heat treatments, neverthe-
less changes in the substructure and transposition net have been observed.
The surface of a tungsten layer can be seen in Figure 3.9 enlarged 1,000
times, in which simultaneously etching pits of transposition etchings can be
seen before and after a three hour heat treatment at 1,600°C. It can be seen
immediately that the transposition thickness has been sharply reduced. A
surface which has been treated in a similar fashion shows the same complete
healing of a substructure in Figure 3.10. Only a very few etching pits have
arisen .after heating the washed substructure line which was etched before
heating.

In summary it can be said that even if the grain structure of the tung-
sten layers remains unchanged at the working temperature of thermionic con-
vertors, the transposition net and the substructures, however, are reduced.

3.2.3 Chemical Investigations

-Spectrographic surface investigations have revealed the folluwing impur-
ities in small amounts:

Al, C, Ca,.Fe, Mg,vMp, g3

A quantitative evaluation was not possible since tungsten calibration stan-
dards are not available, '

Mo and C are specific impurities. The Mc may have arrlved at the surface
of the sample through diffusion from the base. C likewise stems from the Mo
base. Noss-chemical investigations have revealed that the basic material con-
tai. hout 200 ppm C. When the layering is slow, the C is even removed from
the uvosic material by means of the Boudoard reaction. When the layering is
rapid, the C concentration remains about the same.

3.3 Diffusion in the Mo W System at the Operat:no Temperature of the Thermi-
onic Convertor

3.3.1 Statement of the Problem

Essentially two requirements have to be made of the tunésten layer.

o [T
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a) The tuagsten layer must be so thin that it is not too strongly
influenced by the neutron-physical behavior of a combustion cathode.

B) The tungsten layer must be so thick that neither uranium from the
UO2 nor the Mo from the base arrive in admissible amounts at the surface of

the cathode at an operating temperature of 2,000°K.

To fulfill requireﬁent a), the tungsten layer should not be thicker than

0.2 mm so far as possible. Pure, cohesive tungsten layers are sufficient
barriers to diffusion against uranium from U0, [24]. The question as to
which layer thicknesses are necessary in order to prevent an inadmissible
entry of Mo up to the surface of the cathode was the subject of the follow1ng
written investigation.

>3.3.2 Experimental

The tungsten layers were placed on Mo according to the "vapor plating"
described in 3.2. The ceramic intermediate layers were placed on using the .
plasma spray method. The protective gas box used for this and the ‘spray
parameters are described in detail in section 5.3. ‘

‘Heating was carried out in a vacuum at 10~ to 10-® mm Hg pressure. The
' samples were partially brought to temperature hanging in an HF conductor with
*~ an Mo wire, and partly heated in a resistance—heated Ta furnace. .

The temperatures were measured pyrometrlcally The absorptlon at the
glass disks of the container were measured separately and the measured values
were corrected accordingly. The spectroemission capability was taken from
. . appropriate tables. The accuracy of the t emperature indication should come

to +30°C. -

3.3.3 Experimental Results

A survey of the experiments carriedAcan be seen in Table 3.3. The tung-

. sten layer in the experiments 1-5 has grown epitatically on the Mo substratum.

The tungsten layer thickness was about 50-60/p in the initial condition.

With progr6551ve heating time at 1,750°C, the layer became increasingly thin- f

ner owing to the effects of d1ffus1on as can be seen from Table 3.3. The
limiting line Mo-W is shifted ciearly in the direction of tungsten. Micro-
hardness meagurements show that the 1imiting line Mo-W which was originaily
defined so sharply has been expanded to a clearly measurable transition range
(Figure 3.11). The microhardness measurements are augmented and confirmed
. by microprobe measurements for a heating period of eight hours.

In so doing, the microprobe furnlshes a narrower transition range than
the microhardness measurement. This is understandable wher it is considered
that the microhardness in general is an essentially finer 1nd1cator than the
mxcroprobe measurement .
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The study of Mo-W diffusion carried out on ‘samples in whlch the epitaxy
is strongly disturbed or even generally avoided produces completely dlfferent
-Tesults. ;

Sample number 6 was layered relatively quickly so that the tungsten
possesses a completely different structure than the molybdenum tirget (see
also section 3.1). As a consequence, the transition Mo-W is consiuerably
distorted and marked by a grain boundary. After 75 hours at 1,830°C, no
reduction of the thickness of the layer can be seen in the polished section.
Microprobe measurements show that the tungsten and molybdenum diffusion is
sharply reduced compared to samples with epitactic transitions. A volume and
grain boundary diffusion of the molybdenum is clearly to be disting.ished in
the tungsten. A grain boundary diffusion reaches into the waterial at a
maximum of 40/u, and the volume diffusion 15/u.

Even better results have been provided by sample number 7. The Mo sur-

face in this case was covered by a 30/: thick and strongly porous A1203

layer. The remaining pores were filled with tungsten by vapor plating and
finally the whole covering layer was coated with tungsten (Figure 3.12). In

;o_doing, the remaining metal canals permeating the A1203 maintain a satis-

factory conductivity, but represent an obstruction for diffusion. Before and
after diffusion heating at 1,830°C for 75 hours, visually observed and deter-
mined by microhardness, no change of the tungsten layer thickness could be
detected. Microprobe investigations revealed that in the case considered no
-volume diffusion of Mo into W can be found, however, a slight grain boundary
“diffusion is found. In addition, traces of Mo can be found in the boundary
layer W-A1203 However, a very slight volume diffusion of tungsten appears

- to be found in the molybdenum.

It can be said.in ‘summary that diffusicn in the Mo-W system at ],8309C

strongly depends upon the formation of the Mo-W transition. Epitactic transi-

tions permit a massive volume diffusion.

If the transitions are marked by a grain’ boun&ary, then the volume diffu—%

-sion is sharply reduced. Only the grain boundary diffusion is then noticeable..
-‘Samples with disturbed Mo-W transitions have a significantly smaller penetra-
tion rate even at fairly long heating periods and higher temperatures than
those with epitactic border zones. ..

'3.3.4 Determination of the Diffusion boefficients

_ The diffusion prof11é of the yplume d1ffusion.C = C(x, t) was measured
with the microprobe for experlment*number 3.. Crank [25] determined from this
the diffusion coeff1c1ents of the Mo W system in the follow1ng way: .

Drcre-g, / (Jr-xo)dC

r
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Figure 3.12. W Emitter Layer with Ceramic Interme&iate'Layer.

The point X, = 0 can be determined from the curve C = C(x) by the follow-
ing equation: i o )

C:1

Jix-xrdc:o
LA‘A c'o .

-

o

"~ To evaluate this, the value dx/dC can be graphically determined after a
certain experimental time from the experimentally determined C = C(x). In
the present case the- tangents were determined with the mirror straightedge.

©= - All necessary 1ntegrat10ns were carried out numerlcally Wlth a polar planl—
_meter . : _

The diffusion profile C = C(x) determlned w1th the microprobe for the
“heat experlment at t = 8h and at 1,750°C was evaluated in accordance W1th the‘
‘manner already descrlbed The result is presented in Flgure 3.3.

- The diffusion coeff1c1ents determlned by KalanW1tsch, et al, [27] for :;
'several special binary Mo-W alloys.in the ‘temperature. range observed agree
‘well with the curve of D = D(C) measured by us for Mo and W, - s

7 The result of the prevlous sectlon 3, 3 5 shows that the volume dlffu51on.
T »coeff1c1ents of W in Mo and Mo dn’ W depend greatly on. thel

(3.2)

(eoncentratlon dn

3.3.5 Solution of the Diffusion Equatlon for Concentrat:on Dependent lefu-’;ﬂ'
S S|0n COeffucuents and Tume Extrapolatxon of the Results Che o :

e oo o g
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one another. An exact solution of the differential equation for the differ-
ential equation of two media with concentration- dependent diffusion coeffi-

. cients which stand in contact in the form of two semi-planes extended to
i;‘lnflnlty, does not exist.

[

One can attempt in the first approximation to utilize the solution for.
the problem with concentration-independent coefficients by using only average
values. This approximation gives a very defective reflection of the actusl

curve C = C(x, t). Compared to the measured profiles, the calculated pro-
.files are too broad.

Fujita-Yamada [26] gives the approximate solution in the form of a poly— A
nomial of the third order with respect to local coordinates: i

¢l =(<.x/3-.§§,{, %ol?t;’}é*fdﬁ %){X%FEt 7ja 5.5
,'between: C : Lovn - . »:,__,;1_}';. Coee e o

1]
]
[a—

max
~and: C=0

5
i3
3

Thus for D = D(C) the Yaginning is made: <

D= D.OF(C)’- ‘ (3. 4)

o ;The-concentfation dependence is introduced through the constants o and B:

i
Li

, a-aaff(c)dc 6

B A R R R

&

5:8 is determined as a solution of the following quadratic equatiom
b C24ABPF(1)4 (- 108F(1))3+% 0 - - (3.6)
~The larger of the two roots should be used in this case. - . : 4 /59

This formalism was evaluated for the present case D = D(C) in accordance '
. with Figure 3.13 for Mo in W. All necessary integrations were carried- out
’ ;graphlcally ‘ ' o o ‘.; :

The approximation polynomJaI is only observed between the p01nts C =1
and C = 0. Theoretically, C(x, t) is 0 for t only for the case x.= *1 or 0, -
while the approximation polynomial already -achieves these values at 1nf1n1ty At

B _The approx1mat10n polynom1a1 asa consequence 1nterpolates the actual curVe of
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C(x, t) only within a definate range. The points C = 1 and C = 0 of the poly-
nomial should therefore in the present case be interpreted as those places at
which the foreign atom concentration reaches noticeable values. The exit
potential of the surfaces can for example be an indicator. 1

. o |

The diffusion profile widths--in the sense just defined--as they were
calculated with the determined diffusion coefficients D = D(C) are given in
Table 2.4 by 10°9-10%h for a heating temperature of 1,750°C.

It is noticeable that even here the calculator profiles are somewhat
broader than the mecasured ones. There are three reasons for this:

o) The present solution is an approximation solution. -

" 8) The microprobe measurement has a detection limit of 1 at% %, and as a
result only a part of the diffusion profile is detected with it.

“§) The experimental conditions- are only a rough approximation for the _
theoretical case of two semi—planes extended to 'infinity. 5

- It must be pointed out at this time- that these results are only appli-
“cable for an epitactic transition Mo-W. In order to describe the diffusion
" completely one must also consider the effect -of the border layer which--as our
_ experiments have shown--is of considerable influence besides taking into :
 account the diffusion coefficients. This may perhaps happen owing to a separ--
ated permeability coefficient of the border layer. This can only be neglected
~in the case of epitactic border zomes. _ '
. j [
: ;3.3,6 Conclusion and Alternative

As the above cofisiderations and measurements have shown, epitactic tung-
~sten layers during the planned utilization time of the thermionic convertors !
of about two years are only impervious to molybdenum if the layer thickness is.
-of the order of magnitude of centimeters. Schuster [21] came to similar con-
-clusions., However, as was mentioned initially, tungsten layer .hicknesses of
-only about 0,2 mm are desired for neutron-physical reasons. -

A diffusion obstacle between Mo and W could be a way out of this problem.
Metallic diffusion barriers can first of all be considered for this, e.g. at
-a layer thickness of about 50/u 1rregard1ess of what material was placed 5
between Mo and W. ' 7 - 1

Assumlng that the diffusion coefflclents of Mo are 1ndependent of concen- :
tration in material X, an estimation as to the magnitude of the necessary dif-
-fusion coefficients was made when the layer was to be made impervious for '
-molybdenum for operating times between 10° and 10" hours. The result of the
estimation is that D.t < 10-1%cm2. The same values for the diffusioned coef- |
ficients of material X in tungsten or molybdenum must also be assumed if no |
impurity of the emitter is permltted w1th blocklng 1ayer atoms or so that the

. e e Eren et 4 o st gt e e emend
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blocking layer does not disappear into the molybdenum by diffusion. Likewise,

no formation of brittle, inter-metallic phases can take place.
. i i

Metallic materials which meet all these requirements and which addition-

“ally can be utilized at 2,000°K are not known. If, for example, Re is placed

- between Mo and W, then very quickly an inter-metallic phase is formed whose

thickness increases quite rapidly.

The problem consequently cannot be solved.with metallic diffusion blocks. /61
On the basis of our investigations, however, it is suggested that the problem
may be solved by a corresponding disturbance of the border zone Mo-W which
‘leads to a smaller permeability of the transition. This can be achieved by a
thin porous ceramic intermediate layer. Layers produccu in such a way have
-offered a substantially more favorable picture at a temperature-around 100°
higher and a longer heating time than in the case of those with a very high
coefficient of permeability in the limiting zone. Continuing experiments in
this matter are planned. '

4. Combining Technology e SRR Sour e b /62

‘4.1 Statement of the Problem § ;
- In principle the solution of the series connection of several convertor
.cells worked out at that time is given in Figure 1.1. The operating tempera-
“ture of the combination bridge-emitter comes to about 1,730°C. The electrical
.transition resistance of the bridge-emitter in this case should be as small as
-possible. The combination bridge-anode possesses a temperature of 700°-800°C
-and must be vacuum tight in order to avoid the pen-tration of Cs into the
cceramic insulation at the sleeve surface, The combination of the anode parts
among one another is necessary in the course of installation, and vacuum tight-
‘ness is also required fierc above all. Table 5.1 provides information.on the
%material pairs under discussion. S - j

. 4 2 Diffusion Bondlng
L' The techn1que of diffusion bondlng has been often mentioned in american

~technical literature [28-31]. By diffusion bonding we understand the combin-

~ing of two'metals with the application of pressure at high temperature without'
.the appearance of liquid phases. At high temperature, the surfaces are ;
~brought into close contact by means of the applied pressure:so that then a ,'
diffusion can take place along the whole border 11ne and thereby a bonding can:
take place. :

!

¢

In the experiments descrlbed below, all samples were heated to about :
'1,600°C in a vacuum of about 10-5 mm Hg pressure. ' The applied pressure was.
about 1-2 kilogram force/cm?. Heating was effscted with a heat inductor and
the temperature measurement was carrled out with a. pyrolyter. ' S A§

It was determined in a series of pre- experlments that metai surfaces
cleaned and polished on the finest paper (graln size 600) led to a good
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bonding. Etching of the services does not lead to essentially better results.

Table 5.2 gives a survey of the experiments carried out. All th -pos-
sibie metal pairs which could come about in the thermionic convertor were
tested here.

Good Nb-Nb connections are obtained without noticeable original line of
separation after a bonding time of about two hours. After one hour the separ-
ation line is still recognizable, and one-kalf hour of bonding time leads to
an imperfect connection. The area of the original separation line is a volume
of high lattice-defect density after joining. After a careful transposition
etching it can be seen that many etuhing pits have formed in the area of the
separation line. This knowledge is in principle to be transferred to a11
diffusion bonding connections.

The connection Nb-Mo takes place essentially more rapidly than Nb-Nb,
and even after a half hour the original separation line can no longer be
recognized. This is also immediately understandable when it is recognized
that not only the self diffusion is active here at the boundary surface--such
as in the case of Nb-Nb--but rather a diffusion along the concentration gra-
dient of Nb-Mo. An extension of the bonding t*ime does not show any improve-
ment in the connection.

Essentially the same results are reported for the connection Nb-W as for
‘Nb-Mo. The original separation line is usually only still recognizable by
the stage which results during the preparation.

The connection Mo-Mo takes place much more slowly than all the other com-

binations described so far.- After three hours, the original separation line
has still not closed. Not until four hours bonding time have passed does a
satisfactory combination take place. There are two reasons to be named for
this: one is that Mo is much Jdess plastic than Nb so that a close contact of
the two surfaces takes place much nore slowly, and the other is that here
there is no gradient requlrlno diffusion--similar to the case of Nb-Nb, and
as a consequence there is no active self diffusion.

After two hours a satisfactory combination takes place between Mo and W.
‘W-W could not be combined with the bonding technique. The temperatures
-achieved were too low. . -

In summary it can be said that diffusion bonding led to satisfactory com-

binations in the case of almost all the interesting pairings. Combining two
pieces of the same metal takes place much more slowly than when the pieces are
of different metal. Brittle phases de not occur in the dlffu51on zones - since
the refractory metals all mix completely
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k.3 Electron Beam Welding!

Besides diffusion bonding for combinations in the area of collector-
brldge-emltter transition, there is still the technology of e-electron weld-
ing, In case Nb brldges are used, collector and bridge are manufactured from

a part as described in the present report. There are then four combination
-tasks which remain:

4.3.1 Welding Mo Bridges of 0.1 and 0.3 mm Thickness to the Collector

4.3.2 Welding Mo Bridges 0.3 mm in Thickness to Mo Emitters Coated with
Tungsten

k.3.3 Welding Nb Bridges of 0.24 mm Thickness to UOZ-Mo Cermets
’4.3.h Welding Nb Collector Parts to One Another (1 and 2 mm Wall Thickness)
The proper welding seam types are glven in Figure 4.1.

In Reference to 4.3.1: Brldgt of 0.3 mm Thlckness

The seam type 1 creates a good combination with average welding output
~and focused e-beam. As a consequence of the surfaced tension, the welding
edge is round. The melting zone is of sufficient width. If the combinations
_are heated at 800° or 1,700°C, the brittleness of the seam is removed., Less “
- recrystallization occurs in the area of the melting zone than in the basic

~materials.
~ -In Reference to 4.3.1: Bridge of 0.1 mm Thickness

g If seam 1 is welded ﬁere, the Mo sheet of O 1 mm thickness is bent by the

Nb owing to local heating: and the thermal tension caused thereby. For these
reasons, we went over to seam type 3. In order to avoid heat gradients which
are too strong, the piece was fanned with the welding beam. Aside from the -
brittleness which occurs, a good combination takes place in this way. - The

~brittleness can then be removed by'temperlng above 1 000 C. The seam surface
is spherical. Some pores occur in the welding zone. .

_ ~In Reference to h.3.2: i

- The welding here leads to a- good connection only in the case of seam type

4 and with a supreme welding output. The tungsten layer is completely broken
through here and the tungsten uniformly d1str1buted in the melted zone, as ‘

/65

I The experiments were carried out partly in the Institute for Nuclear
‘Energy of the Technical Hochschule in Stuttgart and at this place we expressed

“our thanks to the Dlrector of the Instxtute Professor’Doctor Hoecker and

.colleagues. o
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micro-hardness measurements show. That means that the tungsten diffusion
Wlocking layer is destroyed after the welding.

%
In Reference to 4.3.3: |

i

The high proportion of ceramic of 30% by volume of UO2 in the cermet

leads to the fact that the e-beam does not heat the joining point with any
uniformity. At the same, the UO2 evaporates and leaves pores behind. The

junction between Mo and cermet only takes place by means of a few metal
bridges. The result is totaliy unsatisfactory.

With Reference to 4.3.4:

After several pre-experiments it was shown that the Nb pipe with walls
1.2 mm thick could be welded together quite well with an easily de-focused
e-beam with a medium welding output. If the beam selected is too great, the
welding zone will be too wide and the seam sags somewhat. With Nb pipes
having a wall thickness of 2 mm, however, the acceleration voltage of 150 kV
does not suffice in order to permit the e-beam to completely permeate the
material. If the beam current is now increased, the welding depth can be
increased to 2 mm. - In this case, however, the welding sample during welding
-is heated red hot. In welding with constant beam, the welding depth is there-
.fore a function of the preheating time. Samples which were not thoroughly
welded at the beginning of the welding process therefore show a breakthrough
of the seam at the end of the welding. o

... In summary it can be said that actually useable junctions can only be
achieved with the welding of 0.1 mm and 0.3 mm thick Mo sheet with the Nb
collector and in welding the Nb anodes with 1.2 mm wall thickness. The great
-disadvantage of the first case is that the melting zones become’ spherical as a
-consequence of the surface tension and the knots sometimes have to be redone,
in which case difficulties can be expected because of the embrlttlement of
-the molybdenum. The brittleness can, however, be removed by a. -subsequent
‘heat treatment, which points to a brittleness caused by tensions which arose
-during welding. The tungsten layer is destroyed when joining Mo bridges with
:Mo cathodes coated with tungsten. The welding of Mo with cermet is unsatis-
-factory. '

-h.4 Argon Arc Welding

- The results of the argon arc seam type 1 apprdximately correspond to
those of the e-beam seams 1-3. The outer formation of the seam is about the
_same. Here, too, melting edges have becomes round as a consequence of sur-

face tension. The welding areas are, however, as can be seen from the polish-

ed sections, larger than is the case for e-beam seams. The atreas of brittle-
-ness which occur are therefore even greater. In contrast to the e-beanm seanm,
-the argon arc seams are porous. ' :
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In planning seam type 2, we proceeded from the experience that the seams
are drawn round owing to the surface tensica and therefore a subsequent pro-
cessing is necessary. In order to facilitate this subsequent processing,

- the membrane between the two pipe sections is welded in. A layer processing
-of the seam is therefore always possible. With respect to the embrittlement
during welding, the same results are found here as in the case of seam type 1. /67
The outer formation of seam 2 is very good, but unfortunately even here pores
of considerable size occur.

In summary it can said that seam 2 produces a satisfactory welding when
viewed macroscopically. Seen microscopically, the argon arc welding is in any
case not satisfactory because of the pores which occur. In addition, during
-welding problems of the purity of the protective gas occur since all samples
- showed an oxide coating in the area of the welding zone.

h 5 -Selection of the Jo:nlng Technologies

“- From the joining possibilities described in section 3, those which will
be applied are selected from two points of view: 1) best possible junctions .
of the parts one to another; 2) in corporation of the joining process in the .
~assembly cf the thermionic combustion element. - o -

4.5.1 Emitter-Bridge

The diffusion bonding method is best suited for joining the thin series-
“connection bridge with the massive emitter. In a transition from the princi-
ple test to the original junction, difficulties were first encountered by
-centering and uniform transfer of force.

The latter could be avoided by formation of the junction point as shown
-in Figure 4.3. The centering ring here fulfills three tasks:

a) Centering and holding the bridge.
§~ B) Uniform transfer of force for cxeation of a uniform applied pressure.

- 6) Limitation of the junction surfaces for avoiding forces Wthh are too
h1gh in bonding.

With the rupture of Junctlons produced in such a way, the bridge ruptures
‘‘either simultaneously with the loosening of the bonding junction or earlier.
The tearing forces which can lead to rupture are about 280-200 kg. force when
the brldge 1s made of niobium and the em1tter surface of molybdenum.

h 5.2 Brudge Collector

For all practlcal purposes only the diffusion bondlng technlque of all
the tested technologies is available for joining the bridge to the collector.
-Since, however, collector and bridge are made of niobium, no attempt was made

s




to join the components by diffusion bonding and both parts were made of one /68
piece. The manufacture of the collector-bridge part was undertaken as o
follows (Figure 4.5): i ;
The bridge is drawn from the pipe-shaped collector, whereby at first

the an,le between bridge and pipe axis is 90°. 1In a second operational
stage, the bridge is then ground down to the required wall thickness. There
the angle between bridge and axis of the pipe is reduced to 60° by means of
a cupping process in a specially prepared tool. The holes required for entry
of the Cs are bored in a boring device in a final work process. ' :

4.5.3_ Collector-Collector %

The collector pieces are welded by an e-beam, where a 100% thorough
welding is dispensed with with the thicker anodes (2 mm wall thickness). The
welding seam is then arranged in a design so that it must only conduct about
50% of the cell "current. This can be achieved simply by having the seam

“arranged about in the middle of the cell.

5. Manufacture of Three-Layer Pipes {Collector)

~
IO
%)

5.1 Statement of the Problem

| |

The design construction of a therw1on1c combustlon element makes a three-~
' layer pipe necessary, whose inner part serves as collector which must be ;
electrically insulated from the other components. Simultaneously, the waste
heat occurring during the operation at the sodium cooling circulator must be
dissipated by this system so that addltlonally a good heat conductivity is
promoted. ]

f5.2 Present Experience

The present section describes the manufacture of a three-layer pipe made
of Nb-Al2 S'Nb which corresponds to the concept of a therm10n1c in-pile con-

vertor valid in our plant both in its standards of measurement as well as in
lthe working materials and proce551ng methods used.

‘ The method described here for manufacturlng a three-layer pipe has
already been suggested by us [5] and tested in model tests. It was then shown
'that a layer of Al 0 placed on steel by plasma spraying shows a toughness and

_adhesiveness sufflclent for the folloW1ng proce551ng steps., R “*"'i

The resistence to temperature change of sprayed Al2 3 layers which also -

“determines’ the maximum permissible heating rate of a thermlonlc combustlon
element is also designated as. favorable by D1ttr1ch [32}. “Thus A12 3 layers

isprayed with flame were quenched in water ten tlmes from 1, 000°C w1thout
vdamage. ) AR :
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Reiss [33] describes experiments for determlnlng the permissible heating
rate of Al O layers. The greatest attainable heating rate without destruc-

" tion of the layer was measured on the junction of a 0.16 mm Al2 3 sprayed

~layer on a tungsten rod of 1.1 mm f and came to (3,000 + 1,000)°C sec=1, |

For firm attachment of the outer jacket pipe to the collector sprayed
with A1203, an apparatus suited to the experimental conditions is used as was

described earlier [5]. In this way by heating particular zones and simulta-
neous stretching of a pipe, a controlled reduction of cross section can be
achieved which leads to shrinking down to a core introduced into the pipe.

5.3 Experimental Construction
5.3.1 Plasma-Spray Device

In the first attempts to place Al,0, on niobium by means of plasma spray,v

2 3
it was found that the metal can assume temperatures up to 1,000°C and more.
In order to avoid any oxidation it is therefore necessary to carry out the

“layering process in an oxygen-free atmosphere of protective gas.

A corresponding apparatus for this was devised (Figure 5.1). This is a
-vacuum-sealed housing which was pumped out a number of times with an advance
vacuum pump and filled with purified argon. On a guide inside the apparatus,
the plasma burnei moves back and forth in the longitudinal direction by means
-of a direct current motor with 1nF1n1tely variable velocity. Between two
sprlng,loaﬁed support points below it is the pipe to be sprayed, whose rate
-of revolution is also infinitely variable. The interval between the burner
and the plpe is variable in wide limits in order to determlne the most favor-
able spraying distances.

%

5.3.2 Shrinking Apparatus |
The apparatus used for the zone-by-zone shrinking of the plpe jacket is
-shown in Figure 5.2 and its method of functioning can be seen in Figure 5.3:
the Jacket pipe, surrounded at one place by several windings of a heat induc-
tor is held between two collets in a vacuum chamber. Inside the pipe is the
‘layered. and polished collector pipe. If the chdmber is now driven by an ;
‘electric motor along the mechanism, then the pipe system moves relative to the
heat inductor and is thereby heated in zones. Slmultaneously over an elbow -
“lever which moves with a swing which is adgustable in its steepness, a con=
stant elongation is forced on the jacket pipe according to Poisson's cross
contraction which has a reduction of cross section as a consequence. Through
corresponding swing p051t10ns it is thereby possible to close apertures up,
to 0 3 mm between the 1nner and outer core in one movement.

Y
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5.4 Producing a Three-Layer Pipe

_:S.A:l Layerlng with AI2 3
- Since the pipe sections manufactured are to serve chiefly for investiga-
tions of the nroperties of plasma-sprayed A1203 layers, no axial subdivision

of the inner pipe was attempted. Instead, a niobium pipe section was used
with 22.75 # x 1.0 mm and 150 mm in length. This piece of pipe was placed in
a protective gas box described under 5.3.1 and sprayed with plasma after being
exhausted to a vacuum three times and filled with argon. i
: . |
The following conditions determined in the advance experiments were f
used:

The A1203 sieve size used had a grain of 25...35/u. In using a fairly

large grain size, the particles could no longer be completely melted because
of the limited output of the equ pment. The feed rate of the burner came to
60 mm min~1, and the rpm of the niobium pipe 14 revolutions min-!. With a
‘power output of about 14 ki, there is an operating voltage of about 60 V.

- The layer thickness achieved with an adjusted spray interval of 115 mm
-came to 410/u * 20/u with a peak-to-valley depth of about 100/u

5 h 2 Subsequent Processing of the Al Layer

273

%~ Advance experiments have shown that the peak-to-valley depth of the
-sprayed layer of about 100/u achieved during spraying is not small enough in |
-order to achieve an adequate surface contact with the sleeve pipe with the -
;subsequent shrinking (Figure 6.4). For this reason tests were successfully - [72
> carried out to process the surface subsequently by circular gr1nd1ng with a :
~d1amond disk. ;

- In the present case, the sprayed plpe was ground to a diameter of 23.2 mm

rWthh corresponds to an Al,03 layer thickness of 225/u. The stresses occur-
~ring during grinding in no case led to a damaging of the oxide layer. A
~W1nter diamond disk of D 100 grain s1ze was used.

. }5 4.3 Shrinking

In order to shrink by zone down to the anode pipe processed according to

“5.4.2, a niobium plpe with 25.6 x 23.6 mm § was used. Since the aperture :

~resulting from the pipe combination could not be closed in one worklng process !

., ~with the shrinking apparatus, the jacket pipe was then tapered in diameter :

:with the first pass and then shrunk firmly to the inner pipe during the second '

-pass. The elongatlon adjusted by means of the SW1ng then came to 2, 42 ~in the
f1rst pass and 5.0% in ‘the second pass -

, The temperature of the heated zone durlng the twvo worklng processes came .
' “to about 800°C, and the pressure in +he chamber was 107 1 “mm_ Hg pressure.u;m;‘
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A size check of the finished pipe shows that the jacket pipe after shrink- /75
ing shows a light corrugated profile (Figure 5.6). The cost for this can be
found in the fact that the power .transmitted by the heat inductor is not suf-
ficient in order to let the drawing process run continuously. Instead it
must be interrupted each time after a drawing length of about 20 mm until the
next zone has been heated to operating temperature.

|

This deficiency will be eliminated with the use of an MF generator plan-
ned for future experiments.

s

5.5 Characteristics of the Three-Layer Pipe /73

The investigations carried out so far permit qualitative evaluations of
the properties achieved. As shown in Figure 5.5 a good surface contact of the
oxide layer can also be achieved with the jacket pipe by means of grinding the
Al,_0_ layer.

273

The layer, however, still shows a large proportion of pores so that it
will be the goal of future experiments to increase the density of the sprayed
layer. .

Experiments so far have also shown that the oxide layer is adequately
insulated electrically, and -accurate measurements will still be carried out.

et g

No reliable data can be provided for the heat conductivity of the three- {
layer pipe. Experiments in this regard will also be carried out at our plant ?
next year. It is expected that the results found there will provide 1nforma-
tion about the development cost which is still necessary.

5.6 Observation in Conclusion

The production of a cylindrical three-layer system of niobium-AlZOS-

niobium is possible according to the method described.

The plasma-spray method espec1a11y permits the production of Al2 3 layers

with consideration of proper protective measures. Its structure, however, can - L
still be improved. The layers are both adhesive enough as well as sufficiently
resistent to fracture in order to permit further proce531ng stages to follow.

The zone shrinking is suitable for appllcatlon and permits the controlled

shrinking of a jacket pipe onto the anode plpe ‘sprayed with A1203 without

damaging the oxide layer in so d01ng.
Both the mechanical as well as the electrical and thermal properties of

‘the compound system achieved are be1ng studled and improved at the present
time.
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TABLE 3.1. |
I/I110 ASTM % I/If1o Measured
hkl w Mo Tungsten Surface Molybdenum Base
110 100 100 100 100
200 15 21 107 86
211 - 23 39 2 12

TABLE '3.2.

tion of the

&

'(lidir#ianes.g

_ §(30§§‘Flanes

The remainder of the surface could not be

{111) Planes
18,0 7 - 2
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TABLE 3.4. CALCULATED WIDTH OF DIFFUSION ZONE AT 1,750°C

FOR VARIOUS HEATING TIMES.

!

%;me Profiie Wid£h '
{00 n ,137/u
8 h 387/u
10! n 435 ju
10° n 1370 ju
10° h 4350/11

104 n o 1}700/u

T -

(TABLE 5.1. POSSIBLE MATERIALS.

- Pressure . -

ACgrt.:hodeA Surface . Mo, W, U(‘)z-M.o-Cerme’c s
,'Bridge" Nbv W-nonv Nb' HO
Anode ~ Nb .
TABLE 5.2. SURVEY OF THE DIFFUSION BONDfNG EXPERIMENTS.
N S ’ ’ ot , ' -
Pa‘”;ﬂss | Exper:imental Times
"Nbeb 0,5 hn 1,0 h 2,0 h i
¥b-Yo 2min. 0,5h 1,0h 2,0h
Nb-W 0,5h . 1,0nh 2,0 h
 Mo~Mo 3 -h 4 h
o~V 2 b ‘ '
. 'If_gmperétureE 1600°% . N

V—Z-kp/qmz -
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9.
10.
11.
12,

13.

14.
15.

16
17.

'18.
19.
20.
21.
22,
23.
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